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In 11 gray wolf and one coyote population, we find that the extent of LD as measured by the 37 distance at which r 2 equals 0.2, extends <10kb in outbred populations to over 1.7Mb in 38 populations that have experienced significant founder events and bottlenecks. This large range in 39 the extent of LD parallels that observed in 18 dog breeds where the r 2 value varies from ~20kb to 40 >5Mb. Furthermore, in modeling demographic history under a composite likelihood framework, 41
we find that two of five wild canid populations exhibit evidence of a historical population 42 contraction. Five domestic dog breeds display evidence for a minor population contraction 43 during domestication, and a more severe contraction during breed formation. Only a 5% 44 reduction in nucleotide diversity was observed as a result of domestication, whereas the loss of 45 nucleotide diversity with breed formation averaged 35%. gray wolf populations, n=73; a coyote population, n=17; and one golden jackal (Table S2 & 129 Figure S2 ). Eleven of the 18 amplicons were reported previously in . The 11 130 amplicons were chosen to minimize the amount of sequencing but still measure low to medium 131 range LD (i.e. 10-100kb). We designed and sequenced an additional seven amplicons, spaced at 132 50kb intervals from the central region on chromosome 1, to enhance this latter goal ( Figure S2 & 133 Table S2 ). Sequences were run on an ABI 3730 and polymorphisms were identified and viewed 134 using Phred/Phrap/Consed/Polyphred GORDON et 135 al. 1998; NICKERSON et al. 1997) . All data will be made available on upon request. Table 2 ). 242
Wild Canid Model: 243
To model the formation of wild canid populations (Figure 1c ), we used chromosome 1 244 sequence data generated in this study across four gray wolf populations and one coyote 245 population. To account for potential inbreeding in wild canid populations, and to ensure that 246 unknown closely-related individuals did not bias our estimates, we chose to perform the same 247 chromosome sampling done for dog breeds. As in the breed formation models, corrections for 248 sample size and ascertainment bias were not necessary. 249
Nested models identical to those examined for breed formation were used to model the 250 wild canid populations ( Figure 1c & Table 2 ). However, models fixing the time of contraction 251
were not tested, as we did not know a priori whether we should expect to see a population 252 contraction or expansion nor the timing of such an event. For those populations with evidence for 253
a population decline, we tested models varying the contraction event. 254
RESULTS 255
Genetic Diversity: 256
To study the effects of demographic history on LD in wild canids and domestic dogs, we 257 sequenced 11,279 base pairs spanning ~5.2Mb on dog chromosome 1 ( Figure S2 & Table S2 ). A 258 total of 92 SNP loci (Table S2 & S3) were identified of which 54 were polymorphic across four 259 gray wolf populations, 48 were polymorphic in one coyote population, and 43 were polymorphic 260 across five breeds of dog. 261
Eighteen percent of SNPs on average were shared within and between canid species with 262 gray wolf populations exhibiting the highest sharing (27% ; Table S4 ). Interestingly, 24 loci 263 (26%) were observed to have the derived allele fixed in domestic dogs but polymorphic in gray 264 wolves which likely reflects the bottlenecks associated with domestication or breed formation. 265
The average proportion of shared haplotypes within and between species was 74%. Wolf 266 populations had the highest average percentage of haplotype sharing (90% ; Table S4 ). Average 267 nucleotide diversity among dog breeds was significantly different from that within dog breeds (t-268 test p-value <0.001; Table S5 ) and among wolf populations (p-value <0.001). Furthermore, 269 examination of the ratio of nucleotide diversity suggests a minimal loss of diversity as a result of 270 the domestication event (0.05) whereas the average loss of diversity due to breed formation was 271 much larger (0.35). 272
Using data from five chromosomes (1, 2, 3, 34, and 37), 105 of 106 loci were 273 successfully genotyped in 18 dog breeds, and a variety of wild canid species (Table S6) genotype data; however, there was no discernable pattern ( Figure S4 ). Simulations showed that 304 the degree to which the difference in allele frequency affects estimates of LD varies for each 305 breed ( Figure S5 ). Ascertainment bias in Labrador Retriever was observed to have minimal 306 effects; however, in Golden Retrievers the effect was large. Despite the variance in estimates, the 307 rank order of breeds based on estimates of LD remained the same. 308
Site frequency spectra generated from sequence and genotype data for gray wolf and 309 coyote populations were similar to the domestic dog in showing no distinguishable patterns 310 ( Figure S4 ). When LD estimates from sequence data were compared with LD estimates from 311 genotype data, sequence data generally gave lower estimates of LD (Figure 3 ). Spanish gray wolf 312 was the exception with an increase in LD measured from genotyped data to sequenced data. 313
Despite the shift in LD estimates from sequence to genotype data, the rank order of LD estimates 314 of each population remained the same. 315
Given that ascertainment bias is present within the genotype dataset, we proceeded with 316 caution by focusing on general trends (e.g., strong association between the extent of LD and 317 demographic history). Additionally, we relied on estimates from re-sequencing to make unbiased 318 estimates and comparisons of genetic diversity and extent of LD between domestic and wild 319 canids. 320 Yellowstone, and Northern Quebec exhibited such low levels of LD that the decay curves did not 326 extend to an r 2 value of 0.2 ( Figure 3 and Table 3 ). Therefore, we take a conservative approach 327 and consider these populations to generally have LD levels lower than 10kb. Retriever were observed to have similar contraction times at ~92 generations (ω=0.0113 & 380 0.0100). It is important to note that when estimating both ω and τ, timing estimates may not be 381 entirely realistic, as there is a tradeoff between having a recent τ and a severe population decline 382 and having a more distant τ but less severe decline. For example, the founding prediction of 755 383 generations ago for Bernese Mountain Dog, originating from a small number of individuals and 384 maintained as a small population, is likely an overestimate. Regardless, the bottleneck at breed 385 formation across breeds is orders of magnitude more severe, and more recent, than an ancient 386 domestication event and more likely to impact differences in LD among breeds (see below). 387
Wild Canid Modeling: 388
As with the inference of breed formation, we used Poisson calculations to determine the 389 presence and severity of a bottleneck within gray wolf and coyote populations. Only the 390
Contraction at Unknown Time model of the Spanish and Israeli gray wolf populations was found 391 to be significantly different from the null model (Table 5) that were the closest to observed values. Although they did find evidence for two major 460 bottlenecks, they did not use a rigorous likelihood framework, and thus are not able to perform 461 any hypothesis testing or formal model selection. For our analysis, we searched a denser grid of 462 domestication parameter values and examined the site frequency spectrum of dogs rather than 463 pairwise polymorphism. For domestication events with parameters that were searched over this 464 grid, we calculated the likelihood of the observed domesticated dog site frequency spectrum. In 465 this likelihood framework, we were able to perform nested likelihood ratio tests to test the null 466 hypothesis of constant population size and make meaningful comparisons between models. 467
From our demographic modeling, we found evidence for a modest population contraction 468 approximately 15,000 years ago (5,000 generations ago) and severe contractions at breed 469 formation. The contractions due to breed formation were found to be an order of magnitude 470 greater than the domestication contraction based on analysis of the site frequency spectra. From 471 nucleotide diversity estimates, only a 5% reduction in diversity was observed as a result of 472 domestication whereas an average of 35% of nucleotide diversity was lost due to breed 473 formation. This severe contraction at breed formation was expected, as continued inbreeding genetic studies in gray wolf, coyote, red fox, and gray fox. 512
Conclusions: 513
The extent of LD in natural vertebrate populations has been difficult to assess in the past 514 because large scale genomic surveys were only possible in model species. However, with the 515 availability of high throughput genotyping and information from genome sequencing projects, a 516 new era has emerged in the genetic characterization of natural populations. Utilizing these 517 resources, we have estimated LD in 11 natural populations of gray wolf, one population of 518 coyote and 18 dog breeds. Additionally, because a causal relationship exists between LD and 519 population history, we have made inferences about the demographic and evolutionary processes 520 in wild and domestic canids. Our results suggest that a relatively minor population contraction 521 was associated with domestication in dogs and that genetic variation was preserved in the rapid 522 expansion that followed. However, this variation is now partitioned in dog breeds which 523 ω, effective population size following the contraction scaled in terms of the ancestral wolf/dog effective population size.
ω B, effective population size during the contraction scaled in terms of the ancestral wolf/dog effective population size. null model (τ = ∞ and ω =1). Gray diamonds are pairwise r 2 . Black squares are average r 2 for each distance group for which a logarithmic trend line was fitted to the data (black line).
